Bimetallic nanoparticles promise tunable properties by selection of the constituent metals and by adjusting other variables, such as composition, structure, size, or shape. Recent progress in nanoparticle synthesis has provided access to a large family of particle configurations, including alloys, [1] [2] [3] [4] core-shell structures, [4] [5] [6] [7] [8] [9] and Janus particles, 10 among others. Given the very different chemical, electronic, and optical properties of metals and metal oxides, the oxidation of bimetallic systems promises further extended tunability of multifunctional nanomaterials for applications in plasmonics, 11 imaging, 12 energy storage, 13 surface chemistry, 14 and electrocatalysis. [15] [16] [17] Binary alloys that consist of a noble and a non-noble metal component are of particular interest in chemistry because their oxidation can give rise to a variety of chemically active configurations, such as oxide supported noble metal nanoparticles, [18] [19] [20] core-shell structures, [21] [22] [23] etc.
Gold is a noble metal whose chemical properties are particularly intriguing. Bulk Au is the only transition metal that is not reactive, except in isolated cases. 24 The inability of bulk Au surfaces to activate O 2 is the main cause for their low activity in oxidation reactions. If, however, a supply of atomic oxygen is established, Au can become exceptionally active. Examples are bulk Au surfaces with chemisorbed oxygen, 25 surface or bulk Au-oxides, 26 composites of Au nanoparticles on reducible metal oxide supports, 27, 28 and Au particles on non-reducible oxides. Whereas nanoparticles of semiconductors, metals, and alloys have been explored extensively for diverse applications, materials at the extreme limit that derive their functionality from individual atomic species are relatively rare. This is at least in part due to the difficulty of synthesizing materials comprising dispersed atoms, which are sufficiently stable against coarsening to maintain their function over extended periods. Several studies, e.g., for Au nanoparticles on TiO 2 (110) 30 and dispersed Au on carbon nanotubes, 31 concluded that the reactivity is highest for a specific Au cluster size and that larger or smaller Au particles, including atomically dispersed Au, are less active. In that case, the synthesis of materials with optimal properties requires tight size control, and later sintering needs to be avoided since the associated size increase would cause a loss of chemical activity.
Here, we show that the room temperature oxidation of alloys of Au and a non-noble metal (Sn) produces chemically active nanocomposites that consist of a reducible, amorphous Sn oxide with embedded Au atoms. This structure is obtained because the oxidation proceeds by the predominant diffusion of oxygen anions through the growing oxide whereas metal (Sn, Au) mass transport is kinetically limited. 21 The behavior in a COoxidation probe reaction demonstrates a high chemical activity of these nanocomposites over a limited composition range of the initial Sn-Au alloy. Further characterization shows that this reactivity involves the amorphous Sn oxide as a reducible oxygen reservoir, whereas the embedded Au atoms locally destabilize the oxide matrix and act as low-coordinated sites for CO adsorption and reaction to CO 2 with oxygen from the surrounding oxide. Fig. 1 summarizes the structure and morphology of Au x Sn 1Àx alloys produced by sequential vacuum deposition of Au and Sn. Transmission electron microscopy (TEM) of a representative Au x Sn 1Àx alloy (x = 0.5) on amorphous C shows the typical morphology we observe for a wide alloy composition range on different supports (e.g., Ge, see ESI, † Fig. S1 ) following room temperature oxidation in air. Low magnification images (Fig. 1a) show a high surface area morphology of elongated, meandering nanostructures. From high-resolution TEM (Fig. 1b and c) we conclude that the darker meandering ridges are mostly crystalline, whereas the brighter interspersed areas are amorphous, consistent with a spontaneous alloying of the sequentially deposited metals (Au followed by Sn) at room temperature [32] [33] [34] [35] [36] [37] and a partial dewetting of the Au-Sn alloy into nanoscale ridges, between which the amorphous C support is exposed. Following air exposure an additional component is found near the surface of the Au-Sn ridges, which does not show any crystalline order. Further characterization, discussed below, identifies these areas as an amorphous oxide shell containing both Au and Sn. Electron diffraction (Fig. 1d ) confirms a majority AuSn (i.e., Au 0.5 Sn 0.5 ) phase in the crystalline alloy cores, along with a detectable Au-rich minority phase (Au 5 Sn) whose presence indicates a slight increase in the Au content of the alloy core during oxidation. [32] [33] [34] [35] [36] [37] To further characterize these core-shell structures, we performed high-angle annular dark-field scanning-TEM (HAADF-STEM, i.e., Z-contrast imaging, Fig. 1e ; ESI, † Fig. S2 ) and simultaneous chemical mapping using electron energy-loss spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDS) (see Methods and ESI, † Fig. S3 ). Atomic-resolution Z-contrast imaging shows distinct contrast between the crystalline bimetallic cores (bright; high average atomic number, Z) and the amorphous oxide shells (darker) terminating their surface ( Fig. 1e; Fig. S2 , ESI †). Interspersed dark zones represent the bare carbon support (low Z). The distribution of Sn, O, and Au is captured in chemical maps, in which the intensity represents elemental abundance (Fig. 1f) . Sn is distributed throughout but has highest concentration in the cores, whereas the O content is largest in the oxide shell. The concentration of Au is also highest in the bimetallic cores, but Au is clearly detectable throughout the oxide shells as well.
Sn, similar to In 40, 41 and Pb, 42 oxidizes at room temperature by preferential oxygen anion migration through the oxide. 43 The diffusion of metal cations is kinetically limited. For alloys between Sn and a noble metal (e.g., Au), the equilibrium configuration -a core-shell structure, in which the less noble species is preferentially oxidized at the surface and the noble metal becomes concentrated in the core -may not be realized. 21 Instead, the system can remain trapped in a metastable state in which the oxide shell contains both metals, thus generating a composite oxide with potentially interesting functional properties, e.g., chemical reactivity. 45 Room temperature oxidation of Sn nanoparticles forms a Sn(II)-oxide shell. 43 Hence, we assign the Sn 3d 5/2 peak at B487 eV to Sn 2+ in both the Sn reference and AuSn, which is supported by a quantitative analysis of Sn 3d 5/2 and O 1s XPS spectra (see ESI †) that yields an Sn:O ratio close to 1 in the oxide. A major difference between AuSn and Sn lies in the evolution of oxidized Sn (Fig. 2a) . Using the atomic densities, the oxide thickness has been calculated ( Fig. 2b ; see also ESI †). After extended air exposure Sn nanoparticles are covered by B5 nm oxide shells. 43 For AuSn, little additional oxidation is observed beyond a limiting oxide thickness of 1.5 to 2 nm. Hence, AuSn alloys are substantially more oxidation resistant than pure Sn. Au 4f XPS spectra (Fig. S4c , ESI †) can be fitted by 4f 7/2 and 4f 5/2 components centered at 84.8 eV and 88.5 eV, respectively, shifted B0.6-0.8 eV to higher binding energy compared to pure Au due to coordination to Sn in the alloy. 45 The Au 4f 7/2 and 4f 5/2 binding energies remain constant and no additional Au 4f components appear during oxidation. The time dependent intensity of the Au 4p 3/2 core level was used to track the concentration of Au in the growing oxide ( Fig. 2c ; ESI †). Phase separation (i.e., Sn oxidation and Au concentration in the alloy core) is initially suppressed. At later stages, the overall Au content of the oxide decreases, consistent with the detection of Au-rich phases in the core by electron diffraction. However, a pure Sn-oxide shell is never achieved but instead an oxide containing both Au and Sn is formed. LEIS used to probe the atomic species present in the outermost layer of the oxide confirms this conclusion. The surface of oxidized AuSn and AuSn 2 nano-alloys contains O, Sn, and Au (Fig. 2d) , and the Au:Sn peak intensity ratios correlate with the Au concentration in the Au-Sn alloy. Specifically, comparison of different samples (e.g., AuSn, AuSn 2 ; Fig. 2d ) shows a larger Au : Sn ratio (i.e., higher Au atom fraction) in the outermost surface layer for samples with higher Au content of the initial alloy (I Au : I Sn = 0.18 and 0.07 for AuSn, AuSn 2 , respectively). The state of Au in the oxide, which defines key functional properties such as chemical reactivity, was probed by aberrationcorrected high-resolution TEM (AC-HRTEM). AC-HRTEM shows neither Au nanoparticles nor clusters in the oxide, but instead detects an ensemble of strong scatterers with uniform size dispersed throughout the oxide shell (Fig. 3a and b) . The contrast due to incoherent electron scattering by these heavy scattering centers embedded in the amorphous oxide matrix is very similar to that of individual Au atoms in free-standing atomic chains 46 and on graphene supports. 47 The conclusion that these species are dispersed Au atoms is confirmed by line scans through a large number of them in our AC-HRTEM images, which show nearly identical full width at half maximum size (0.203 AE 0.022 nm, Fig. 3c 4 , with different Au:Sn concentrations in the oxide surface) along with a Sn reference, using CO + 1/2O 2 -CO 2 as a probe reaction. CO 2 production was probed at room temperature by dosing different (CO + O 2 ) gas mixtures (Fig. 4) . In situ near-ambient pressure synchrotron XPS (NAP-XPS) was obtained simultaneously at pressures up to several Torr.
Oxidized Sn produces no detectable CO 2 , but already a Sn-rich AuSn 4 alloy shows a small amount of CO 2 product. On the Au-rich side, Au 2 Sn does not show any measurable conversion to CO 2 . The samples at intermediate composition (AuSn, AuSn 2 ) are highly active, reaching between 80% and close to 100% conversion efficiency at room temperature. Clear trends among the active samples point to the underlying reaction mechanism. Whereas oxidized AuSn is active over a broad range of CO : O 2 ratios, it deactivates under CO-rich conditions (Fig. 4c) . Fully oxidized AuSn 2 , on the other hand, shows low conversion efficiency at low CO : O 2 ratios and only becomes activated after exposure to reducing (CO-rich) conditions, but subsequently shows the highest conversion efficiency of all compositions probed here ( Fig. 4d ) with stable CO 2 production over extended time periods (several hours). The reactivity measurements suggest that the Au-containing oxide matrix plays an active role in CO oxidation as a reservoir with variable oxygen content, which functions optimally when in a partially reduced state. For AuSn, the initial oxide already contains sufficient oxygen vacancies. Oxidized AuSn 2 , on the other hand, is activated by exposure to reducing conditions. Surface-sensitive synchrotron NAP-XPS probing only the oxide shell (kinetic energy B240 eV; Sn 3d escape depth B0.6 nm) of AuSn 2 -based samples shows a shift of the Sn 3d core level to lower binding energy (487.3 to 487.0 eV), i.e., toward lower oxidation state, with increasing CO partial pressure (Fig. 4g) . Under the conditions of our reactivity experiments the oxide is only partially reduced, and there is no Sn 3d intensity due to metallic Sn 0 (485.0-485.5). Further support for the active role of the mixed oxide is provided by temperature-programmed desorption/ reaction (TPD/R), in which CO is adsorbed at 100 K and the temperature is subsequently increased while following CO (28 AMU) and CO 2 (44 AMU) desorption by mass spectrometry (Fig. 4h) . The measurements show a substantial evolution of CO 2 near room temperature, i.e., confirm that CO can be oxidized in the absence of an external oxygen source by consuming oxygen supplied by the oxide matrix. Thus, oxidized nanostructured Au-Sn alloys derive their chemical reactivity from atomically dispersed Au embedded in a reducible oxide that acts as an oxygen reservoir. The Au atoms play a dual role, namely: (i) to provide active, low-coordinated sites for CO adsorption and reaction to CO 2 with oxygen from the surrounding oxide surface (see also ESI, † Fig. S8) ; [49] [50] [51] and (ii) to locally destabilize the oxide matrix (i.e., enhance its reducibility), as indicated by substantially lower oxidation rates of Au-Sn alloys compared to Sn (Fig. 2a and b) . Our results highlight the ability of simple room-temperature oxidation processes to generate complex functional materials architectures. For the chosen system, nanostructured alloys comprising a noble metal (Au) and a non-noble species (Sn), oxidation by predominant oxygen anion diffusion and a limited mobility of the metal species lead to the formation of core-shell structures in which a residual crystalline bimetallic core is surrounded by a non-crystalline oxide. In the surface region of this oxide shell, dispersed Au atoms and a surrounding oxygen reservoir work in concert to provide chemical reactivity in lowtemperature oxidation reactions. The catalytic activity is determined by the concentration of surface Au-atoms in the oxide, which can be selected via the Au content of the initial bimetallic Au-Sn alloy; the highest activity is realized at intermediate Au contents, specifically AuSn and AuSn 2 . The active state has been obtained here by slow oxidation at room temperature in air, but for practical applications the process could likely be accelerated by exposure to higher oxygen pressures. While our study used vacuum evaporation for forming bimetallic alloy nanostructures without controlling size or morphology, room temperature oxidation could be combined with solvothermal or sol-gel synthesis of size-and shape-controlled bimetallic clusters to achieve specific high-surface area configurations of (Au-Sn) oxide nanocomposites. Aside from the demonstrated high CO to CO 2 conversion efficiencies of these composite catalysts, which are important for applications in air pollution prevention, oxideembedded dispersed Au atoms may represent a pathway toward Au-based catalysts with enhanced stability against deactivation and may have potential for other oxidation reactions, such as preferential CO oxidation (PROX) or partial oxidation reactions.
Methods
Bimetallic Au 1Àx Sn x alloy nanostructures were prepared in a high-vacuum chamber by sequential evaporation of controlled amounts of Au and Sn at room temperature onto different substrates: amorphous C films supported on Cu transmission electron microscopy (TEM) grids for TEM, and oxidized Ge(111) wafers for surface characterization and reactivity measurements. Reference samples of pure Sn nanoparticles were prepared following the same procedure. The as-synthesized samples were exposed at room temperature to ambient air, and their evolution during oxidation in air was followed with time for up to 1 month. Structure and morphology of the samples were analyzed by TEM and scanning TEM (STEM), using a JEOL 2100F field emission microscope. STEM imaging used a Gatan high-angle annular dark field detector (Gatan 806 HAADF) for incoherent HAADF (Z-contrast) imaging with smallest probe size of 0.2 nm. Sample composition was probed locally in STEM mode using energy dispersive X-ray spectrometry (EDS, Oxford Energy TEM 250). Samples on bulk Ge were analyzed by scanning electron microscopy (SEM) in a JEOL 7600F field emission microscope to compare the morphology with that observed by TEM/STEM for samples on amorphous C supports. Aberration-corrected highresolution TEM (AC-HRTEM) was performed to identify the state of Au in the amorphous oxide shells of the Au-Sn nanostructures. These experiments used a FEI Titan 80-300 microscope equipped with a CEOS Cs-corrector, at 300 keV electron energy.
High-resolution STEM imaging and chemical mapping were performed in a double aberration-corrected JEOL-ARM200F microscope with a cold field emission gun, operated at 200 kV. The microscope is equipped with JEOL and Gatan HAADF detectors for incoherent HAADF (Z-contrast) imaging, Gatan GIF Quantum Energy Filter with dualEELS for EELS and Oxford Instruments large area silicon drift detector for EDS. HAADF images, EELS spectrum images with the Sn-M 4,5 , O-K and Au-M 4,5 edges, as well as EDS spectrum images with the Sn-L, L b and Au-M a and M b peaks were simultaneously acquired in scanning mode to ensure all the signals were recorded from the same area. Au maps were obtained both from the signal intensity of Au-M 4,5 edges in EELS spectrum images and the signal intensity of Au-M ab peaks in EDS spectrum images. Both types of images were acquired simultaneously and showed consistent results. Sn and O maps were obtained from EELS spectrum images. Due to the proximity of the Sn-M 4,5 and O-K edges in EELS spectra (see Fig. S3 , ESI †), it is difficult to obtain Sn and O maps by directly integrating the signal intensity for Sn and O in EELS. We therefore used the multiple linear least-squares fitting (MLLS) method to obtain the Sn and O mapping, as described in Fig. S3 (ESI †) . Sn maps also extracted from Sn-La b peaks in EDS spectrum images, and results were consistent with those in EELS.
Laboratory X-ray photoelectron spectra (XPS) were acquired at room temperature using a Specs Phoibos 100 MCD hemispherical analyzer, with excitation by Al Ka (hn = 1486.6 eV) radiation at 300 W (15 keV and 20 mA). The spectra were acquired at 25 eV pass energy and 0.05 eV energy step. The base pressure in the analysis chamber was in the range of 2-6 Â 10 À9 Torr. The C 1s binding energy (284.8 eV) was used as internal reference. Laboratory XPS was complemented by in situ synchrotron nearambient pressure XPS (NAP-XPS) at pressures up to several Torr, performed at the National Synchrotron Light Source using a differentially pumped hemispherical analyzer (Specs Phoibos 150 NAP) equipped with a CEM 9 channeltron detector and a 300 mm entrance aperture to the first differential pumping stage. The sample was positioned 40.5 mm from the aperture to ensure that the local pressure at the surface was not significantly affected by differential pumping through the aperture. The analyzer was positioned at an angle of 701 from the incident X-ray beam and 201 from the surface normal of the sample. The photon energy was kept fixed during the course of each experiment. Peak shape analysis used fitting with a combination of Gaussian and Lorentzian functions after Shirley background subtraction in the analysis region. For quantitative analysis, spectrometer transmission function, cross-sections of different core levels and inelastic mean free path values were used as given in the CasaXPS software package. Reactivity measurements were carried out in the NAP-XPS system, by backfilling the chamber with variable gas mixtures and detecting products using a sampling capillary (0.75 mm inner diameter) brought within 1 mm from the sample surface; the gases were analyzed using a mass spectrometer (Pfeiffer Prisma Plus) with single stage differential pumping. A constant partial pressure of O 2 (0.1 Torr) was maintained while the CO partial pressure was varied in discrete steps from B0 (i.e., the CO background pressure in the UHV system) to 2 Torr. The partial pressures for masses 28 AMU (CO), 32 AMU (O 2 ), and 44 AMU (CO 2 ) were followed by mass spectrometry. The reported data represent steady-state values of the CO to CO 2 conversion efficiency calculated from measurements at masses 28 AMU and 44 AMU, recorded after 10 minutes following each change in the CO flow rate (stabilization of the gas pressures to o5%).
